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We study the dynamics and observational signatures of a neutron star being consumed by a
much less massive black hole residing inside the star. This phenomenon could arise in a variety of
scenarios, including after the capture of a primordial black hole, or in some models of asymmetric
dark matter where the dark matter particles collect at the center of a neutron star and eventually
collapse to form a black hole. However, the details of how the neutron star implodes are not well
known, which is crucial to determining the observational implications of such events. We utilize
fully general relativistic simulations to follow the evolution of such a black hole as it grows by
several orders of magnitude, and ultimately consumes the neutron star. We consider a range of spin
values for the neutron star, from non-rotating stars, to those with millisecond periods, as well as
different equations of state. We find that as the black hole grows, it obtains a non-negligible spin
and induces differential rotation in the core of the neutron star. In contrast to previous studies, we
find that the amount of dynamical ejecta is very small, even for rapidly rotating stars, dampening
the prospects for producing a kilonova-type electromagnetic signal from such events. We comment
on other possible electromagnetic and gravitational signals.
I. INTRODUCTION
Recently, there has been much interest in scenar-
ios where neutron stars (NSs) capture dark matter—
either particles or primordial black holes (BHs)—
giving rise to a tiny BH which consumes the NS from
the inside through accretion. This could give rise to
a number of observable consequences, allowing NSs
to play the role of dark matter detectors, while ad-
dressing several astrophysical mysteries, as we review
below.
This phenomenon could arise due to bosonic or
fermionic asymmetric dark matter [1–6]. The dark
particles are captured by the NS due to neutron scat-
tering, and if their annihilation and decay rates are
sufficiently small, they will eventually thermalize and
collect to form a tiny (. 10−10 M) BH at the NS
center [1, 7]. Similarly, if primordial BHs with masses
∼ 10−14–10−8 M make up a fraction of the dark
matter, they will be captured onto NSs through dy-
namical friction and accretion [8]. In either case, the
BH should grow through accretion until it consumes
the NS.
The BH induced implosion of NSs, which would
preferentially occur in regions of high dark matter
density, has been invoked as a possible explanation
for the scarcity of observed pulsars in the galactic cen-
ter [5]. It has also been proposed that this could give
rise to fast radio bursts (FRBs) due to the rapid ex-
pulsion of the NS magnetosphere [9] (though this type
of cataclysmic event can not explain repeating FRBs).
Finally, in Refs. [10, 11], it was proposed that ejecta
from the imploding NS could explain the production of
the majority of heavy elements through the r-process.
There are several observational signatures that
could be used to identify such events. One would be
the presence of ∼ 1 M BHs in binary merger events
detected by LIGO/Virgo and other gravitational wave
(GW) observatories (though NS implosions may not
be the only conceivable explanation). Actually dis-
tinguishing BHs from NSs of the same mass with
the merger GW signal is challenging because tidal ef-
fects are significant only in the high frequency part of
the signal where current detectors are not very sensi-
tive [12], and because if at least one of the constituents
of the binary is a NS, there is a degeneracy in the lead-
ing order tidal effect due to our ignorance about the
equation of state (EOS) describing NSs [13]. If de-
tected, electromagnetic counterparts to such GW sig-
nals could be used to provide strong evidence of the
presence of a NS, though ruling out a BH-NS binary
is more difficult [13–15].
Another possible signature coming from the collapse
of a NS to a BH is a kilonova: an IR/optical/UV tran-
sient powered by the radioactive decay of ejected, neu-
tron rich material. However, the amount of ejecta de-
pends crucially on the dynamics of process, and on the
distribution of angular momentum as the BH grows,
which is not well understood. Most previous studies
have left this amount as an unknown, bounded above
by measurements of the total abundance of r-process
elements. An exception to this is Ref. [11], where it
was estimated that the collapse of a millisecond pe-
riod NS could produce ∼ 0.1 to 0.5 M in ejecta, a
range of values in excess of those found in binary NS
mergers [16].
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2Several works have estimated the timescales and rel-
evant physical processes involved during the months
to years-long period where the BH grows through ac-
cretion inside the NS, but has negligible effect on the
star as a whole. (We note that for the BH mass
ranges mentioned above, the Hawking evaporation
time is much longer than the age of the Universe.)
In Refs. [11, 17], building from the related problem of
a BH inside a solar-type star [18], it was argued that
the effects of nuclear viscosity and magnetic braking
would be important. Based on Newtonian estimates,
these works contend that spherical (i.e. Bondi-like)
accretion is maintained throughout the whole con-
sumption process. Such behavior is governed by sheer
viscous braking for BH masses . 10−3M, and mag-
netic braking for larger masses.
In this work, we study how the BH grows from
a mass that is small, but near becoming dynamical
important—we begin our analysis when the BH is
roughly a hundredth of the NS mass—to ultimately
consume the majority of the NS, a process which oc-
curs over a few milliseconds. We explore several initial
conditions based on uniformly rotating star solution—
thus making contact with previously mentioned esti-
mates but studying its future evolution within general
relativity. We use solutions of the coupled Einstein-
hydrodynamics equations, which allows us to follow
the relativistic dynamics as the BH begins to backre-
act on the rotating NS, and make accurate estimates
of potential observational signatures. The large dis-
parity between the length scales respectively associ-
ated with the NS and BH make this a computation-
ally challenging problem, which we overcome through
a combination of several techniques, including the use
of adaptive mesh refinement with flux corrections for
the hydrodynamics, and by exploiting spacetime sym-
metries.
We find that the BH develops and maintains a non-
negligible spin, and induces differential rotation in the
core of the NS, and we give a simple heuristic descrip-
tion for the accretion of angular momentum as the BH
grows. The rate of mass accretion, however, is largely
insensitive to angular momentum. We show that es-
sentially no matter remains outside the BH horizon
at the end of the process, even for NSs rotating at
speeds near break-up, which means that these events
are not promising sources for kilonovae or r-process
heavy elements. We comment on possible GW and
electromagnetic signatures, including bursts from the
sudden release of the energy stored in the NS’s mag-
netosphere.
II. METHODOLOGY
In order to study the dynamics of a rotating NS
being consumed by a BH from the inside, we solve
the Einstein equations coupled to hydrodynamics. To
construct initial data, we begin with a uniformly ro-
tating NS solution obtained using the RNS code [19].
We then alter this solution in a neighborhood of the
center of the star to match on to a small BH metric
with a quasi-equilibrium test fluid. We use this as free
data for solving the Einstein constraint equations as
described in Ref. [20]. Though this solution is only an
approximate description of the system of interest, we
have tested several initial values for the BH mass MBH
in order to establish that we start with a sufficiently
small value that any initial transients are negligible.
More details are provided in Appendix A.
The evolution is carried out using the methods de-
scribed in Ref. [21]. This includes the use of adaptive
mesh refinement with flux corrections [22], which en-
sure the conservative nature of the hydrodynamic evo-
lution scheme is not broken by the numerous levels of
mesh refinement with boundaries inside the NS which
are required to resolve the BH. The hydrodynamic
scheme conserves rest-mass and, in axisymmetry, an-
gular momentum.
We fix the NS to have a mass of MNS = 1.4 M
and consider three different EOSs. We use the SLy
and ENG EOS, which are “softer” and give radii of
11.7 and 12 km, respectively, for a non-rotating NS.
We also use the stiffer H4 EOS, which gives a radius of
14 km for a non-rotating NS, and is at the edge of the
allowed range consistent with the binary NS merger
GW170817 [23]. In particular, we use the piece-wise
polytrope approximation of these EOSs described in
Ref. [24]. As we describe below, the systems we con-
sider develop densities in the vicinity of the accreting
BH that are larger than the maximum density of iso-
lated NSs (even ones of ∼ 2 M), and the softer EOSs,
when extrapolated to these values, would give super-
luminal sound speeds. To address this, at the value
of the rest-mass density when the sound speed be-
comes cs ≈ 0.99 (ρ0 = 1.43 × 1015 gm/cm3 for ENG;
ρ0 = 1.96 × 1015 gm/cm3 for SLy), we match onto
an EOS with cs held constant at this value. (Un-
less otherwise specified, we use geometric units with
G = c = 1 throughout.) To this cold EOS, we also add
a thermal component with Phot = 0.5ρ0hot, where
hot =  − cold is the specific energy is excess of the
value prescribed by the cold EOS.
For each EOS, we consider a range of values for
the dimensionless NS spin aNS, from non-spinning to
millisecond period NSs near break-up, as shown in Ta-
ble I. For most cases, and unless otherwise stated, we
3TABLE I.
Properties of equilibrium uniformly rotating NSs
used to construct ID. Left to right, the columns
contain the EOS, dimensionless NS spin, rotational
period, equatorial radius, and ratio of angular
velocity to that of a particle orbiting at the equator.
EOS aNS Period (ms) Req (km) Ω/ΩK
ENG 0.00 — 12.0 0.00
ENG 0.10 5.3 12.0 0.12
ENG 0.20 2.7 12.2 0.23
ENG 0.40 1.5 12.9 0.47
ENG 0.70 1.0 16.5 0.95
H4 0.00 — 14.0 0.00
H4 0.10 6.6 14.0 0.12
H4 0.20 3.4 14.2 0.23
H4 0.40 1.8 15.1 0.47
H4 0.67 1.3 18.7 0.89
SLy 0.00 — 11.7 0.00
SLy 0.20 2.6 11.9 0.24
SLy 0.40 1.4 12.7 0.48
choose the initial BH to have mass MBH = 10
−2MNS
and dimensionless spin aBH = aNS, and we assume
axisymmetry. Here and throughout we use MNS to
refer to the total mass of the spacetime, which will be
equal to the NS mass before the BH obtains a non-
negligible mass. For the case with the ENG EOS and
aNS = 0.4, we consider several variations as a check of
our initial conditions and numerical errors. We study
larger initial BHs with MBH/MNS = 0.02 and 0.03.
We examine different initial BH spins with aBH = 0,
0.2, and 0.4. To establish convergence and estimate
numerical errors, we also adopt several numerical res-
olutions (with aBH = 0.4 and MBH/MNS = 10
−2).
Finally, we consider one case calculated without as-
suming any spatial symmetries, starting from initial
conditions from the axisymmetric simulations at the
time when MBH/MNS = 0.05, in order to check for
non-axisymmetric instabilities. As detailed in Ap-
pendix B, in all cases we obtain similar results.
During the evolution, we track the BH apparent
horizon and monitor its area ABH and angular mo-
mentum (from which the BH mass MBH and dimen-
sionless spin aBH is calculated, via the Christodoulou
formula). We also calculate the flux of conserved mat-
ter quantities into the horizon: the rest-mass accretion
rate M˙0 and the angular momentum accretion rate J˙ .
We also determine the amount of unbound rest mass
by integrating all the fluid cells where the lower time
component of the four velocity ut < −1, and the radial
component of the velocity is outward, as is typically
done in NS merger simulations.
III. RESULTS
Starting from one one-hundredth the mass of the
NS, we find that the “endoparasitic” BH efficiently
grows to consume essentially the entire NS in ≈ 4–6
ms. As shown in the top panel of Fig. 1, the ac-
cretion rate of the BH is mostly determined by the
NS EOS. The spin of the NS has only a small effect
on the growth rate of the BH, with higher spins giv-
ing slightly slower growth rates. The spin of NS does,
however, affect the BH spin. As evident in the bottom
panel of Fig. 1, aBH settles to a value of ∼ aNS/2, and
roughly maintains this value as the BH mass grows
more than an order of magnitude. At the last stages
of the NS being consumed, aBH jumps up to match
aNS.
The BH accretion follows the Bondi relation M˙0 ∝
ABH to a very good approximation all the way up to
MBH ∼MNS/2 as illustrated in the top panel of Fig. 2,
and the differences between the accretion rates with
different EOSs fall into line with what one expects
from evaluating the central values of ρ0/c
3
s for the re-
spective isolated NS solutions (also consistent with
Bondi). Again, the matter accretion rate is largely
independent of the NS spin.
More interesting is the rate at which angular mo-
mentum is accreted relative to rest-mass, as shown
in the bottom panel of Fig. 2. To a good approxi-
mation, we find that this ratio J˙/M˙0 is linearly pro-
portional to the BH radius, or equivalently, mass,
throughout most of its growth. This is consistent
with the above noted fact that the BH spin settles
down to a roughly constant value as the BH grows [in
such a regime dJBH = d(M
2
BH)aBH]. In particular, if
we assume that the BH angular momentum changes
as δJBH = αMBHδMBH for some constant α, then
δaBH = δMBH(α − 2aBH)/MBH, i.e. aBH will have a
stable equilibrium value at α/2. Fig. 2 indicates that
this proportionality constant is relatively insensitive
to EOS.
Examining the angular dependence of the flux
through the BH horizon, we find the rest mass ac-
cretion to be approximately spherical, while the ra-
tio of the angular momentum to rest-mass accretion
rate of an area element on the BH horizon is approx-
imately proportional to sin2 θ (where θ is the polar
angle), all consistent with the BH accreting spherical
shells of mass, uniformly rotating with angular veloc-
ity Ω (i.e. the coordinate velocity in the azimuthal
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FIG. 1. Top: The mass of the BH as a function of
time for cases with different spins and EOSs for the NS.
The curves have been aligned at the time where MBH =
0.1MNS. Bottom: The dimensionless spin of the BH versus
its mass.
direction). With this assumption, the condition that
J˙/M˙0 ∝ RBH is equivalent to Ω ∝ 1/RBH. Such a re-
lation would follow from assuming Keplerian velocity,
or taking Ω to be proportional the horizon frequency
of a BH with constant dimensionless spin, though it is
inconsistent with the uniform rotation of the original
star. See Appendix C for further discussion.
Indeed, we find that the BH induces differential ro-
tation in the NS, as apparent from Fig. 3, which shows
snapshots of the density and angular velocity. There
we see that the central core of the NS rotates much
faster compared to the outer part, which does not
significantly increase from its original rotation value.
Also evident from Fig. 3 is the high density that de-
velops in the vicinity of the BH. At the BH horizon
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FIG. 2. Top: The rest-mass accretion rate for the BH,
normalized by the area of the BH. For comparison, the
central value of ρ0/c
3
s is 1.1× (1.7×) higher for a non-
spinning NS with the SLy EOS (H4 EOS) compared to
the ENG EOS, which correlates with the difference in ac-
cretion rate. Bottom: The ratio of the angular momentum
to rest-mass accretion rate for the BH, normalized by the
mass of the BH. For both cases the quantities are shown
versus the mass of the BH as it grows.
we find ρ0 & 2 × 1015 gm/cm3. As mentioned above,
these densities are 2–3× larger the initial central den-
sities of the NS, and higher even than those obtained
for the maximum stable NS solutions with their re-
spective EOSs. In the final phase of the NS implo-
sion for the near break-up spin case with aNS = 0.7
(bottom-right panel of Fig. 3), one can see spherical
accretion beginning to break down as the region near
the rotation axis is evacuated first, and the high an-
gular momentum material near the equator is the last
to be accreted. This is consistent with the late-time
decrease in mass accretion rate, coupled with an in-
5crease in relative angular momentum accretion rate,
shown in Fig. 2.
A more quantitative illustration of the differential
rotation on the equator is shown for several cases with
different EOSs and NS spins in Fig. 4. Here, we see
that the rotation curves do not depend strongly on the
EOS, and match up well when normalized by ΩNS. In
Fig. 4, we also include the best-fit of the azimuthal an-
gular velocity to the functional form Ω = A + B/rn.
At earlier times (i.e. when the BH mass is small),
this exponent n ∼ 2, though at late times n becomes
smaller. As a point of comparison, we note that the
angular velocity of a viscous fluid between two concen-
tric spheres rotating with different velocities has this
form1 with n = 3 [25]. The figure also makes apparent
the fact that the rotation rate at the accreting radius
decreases, while at the star’s surface it increases. The
former is expected as the angular frequency of the
BH is ΩH = a/(2RBH)—which decreases as the BH
grows. Indeed, we find good agreement with this be-
havior as indicated in the figure. We also find that
the rotation rate at the surface increases as the NS
radius shrinks, roughly following the Ωs ∝ R−2NS be-
havior predicted from assuming the angular momen-
tum of the outer shell is constant. The change in Ωs is
only significant at last stages of the implosion, where
it is accompanied by the contraction of the star, and
a strong inward radial velocity (see Fig. 3).
As a consequence of the distribution of angular mo-
mentum during the BH growth described above, al-
most no matter is dynamically ejected. In some of
the cases with higher spin, we find a few ×10−5 M of
rest mass, flagged as unbound. However, this is sensi-
tive to extraction time, and seems likely coming from
the low density region outside the NS, rather than
being ejected from the NS’s surface. Given the diffi-
culty in resolving the behavior in the very low density
region, especially in the presence of an artificial “at-
mosphere,” we can not rule out a very small amount
of unbound mass, but we estimate an upper bound
of Mub < 10
−4 M. (See Ref. [26] for a discussion
of these issues in a study of supramassive NS collapse
using similar methods.)
Finally, we examine the GW signal from this pro-
cess. Though there will be no GWs from the col-
lapse of a NS into a BH in spherical symmetry, when
there is non-negligible NS spin there will be gravita-
tional radiation associated with the quadrupole of the
1Though being a Newtonian result, which ignores the effects of
gravity, and is obtained in the low Reynolds number regime, it
should only be taken as a comparison point.
NS changing into that of a spinning BH. In Fig. 5,
we can see that the GW signal exhibits the standard
ringdown signal associated with a perturbed BH, with
larger amplitudes for the larger spin cases. Unfortu-
nately, the high characteristic frequency (8–9 kHz) of
the GW signal makes it difficult to detect with current
GW detectors. LIGO/Virgo would likely only be able
to detect such an event in the Milky Way or a nearby
satellite galaxy (at distances of a few ×10 kpc). (See
Refs. [27–29] for earlier work on GWs from collapsing
NSs.)
Other electromagnetic counterparts
Having found that the BH consumes the whole
NS without giving rise to any appreciable ejecta,
we briefly comment on possible electromagnetic tran-
sients powered by other means. A NS will generically
be magnetized with field strengths of order B ' 108
to 1012 G. No hair theorems imply that as the space-
time approaches that of a vacuum BH, this magnetic
field must go away. Some of the magnetic field energy
will fall into the BH horizon, but the study presented
in Ref. [30] shows that a significant amount is radi-
ated to infinity on dynamical timescales, giving rise
to a transient signal. The energy reservoir for such
a signal is that of the NS magnetosphere, which is of
the order
EM ≈ 2× 1037
(
B
1010 G
)2(
R
10 km
)3
erg . (1)
As discussed in Ref. [30], a fair fraction of this energy
is released on timescales of ≈ 1 ms as a result of the
collapse of the NS to a BH, resulting in a short burst
with a luminosity of
L ≈ 6×1039
( κ
0.6
)( B
1010 G
)2(
R
10 km
)3
erg/s (2)
where κ ≈ 0.6 is an efficiency factor. The associated
Poynting flux follows an essentially quadrupolar dis-
tribution with most of the energy radiated near the
angles θ = ±50o. The environments surrounding pul-
sars typically have relatively low baryon-loading. The
details of how this energy is converted into specific
observable signatures are certainly model dependent
(see, for instance, Refs. [30, 31] for options ranging
from short gamma-ray to radio bursts). Regardless,
an electromagnetic transient with these characteristics
that lacks an associated kilonova is arguably a clear
signature of the NS implosions studied here. As men-
tioned above, it is possible that for sufficiently close
6FIG. 3. Snapshots of density and angular velocity during the evolution of cases with the ENG EOS and different
NS spins. The left side of each snapshot shows the rest-mass density (on a linear scale from 0 to 1.6 × 1015 gm/cm3)
with streamlines of the in-plane component of the velocity (with linewidth proportional to their magnitude), while the
right side shows the angular velocity about the axis of symmetry. The top panels are from the case with aNS = 0.1,
and respectively show, from left to right, the points in the evolution when the BH has grown to be 0.02, 0.1, and 0.5
times the mass of the original NS. The middle and bottom panels show the same for the cases with aNS = 0.4 and 0.7,
respectively. The colorscale for the angular velocity is linear, ranging from 0 to 4× the initial angular velocity of the NS.
At earlier times, the small radial velocities at the outer parts of the star are due to breathing modes.
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FIG. 4. The angular velocity on the equator as a func-
tion of proper circumferential radius. For each case with
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the BH has grown to have 0.02, 0.1 and 0.5 times the mass
of initial NS. We also show fits of the form Ω = A+B/rneq
to the case with ENG EOS and aNS = 0.4 (though other
cases give similar results). The exponent n of the best-fit
is found to decrease from ∼ 1.9 to 1.4, as labelled in the
plot. For the SLy EOS and aNS = 0.4 case, we also include
the values of the BH horizon frequency ΩH for comparison
(magenta dots).
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component of ψ4, for the collapse of different NSs. The
curves have been aligned in time to the look-back time
where the BH reaches 95% of the mass of the spacetime.
systems, multimessenger signals in both gravitational
and electromagnetic bands could be detected.
IV. DISCUSSION AND CONCLUSION
We have studied the process by which a small seed
BH in the center of a rotating NS grows, and ulti-
mately consumes the star. In this endoparasitic pro-
cess, even for NSs with very short rotational periods,
exceeding observed values, very little of the star’s ma-
terial remains outside the BH (Mub < 10
−4 M).
This contrasts with the estimates of Mub ∼ 0.1–
0.5 M presented in Ref. [11]. There it was as-
sumed that the total angular momentum would be
distributed to the solid shell of the star, which would
maintain rigid rotation down to the BH horizon, plus
an outer angular shell, which could become unbound
once a high enough velocity was achieved, and that
a negligible amount of angular momentum would go
into the BH. In contrast, we find that the BH obtains
a non-negligible spin, and is surrounded by differen-
tially rotating core with much higher angular velocity
than the outer part of the NS. Furthermore, as the BH
grows by a significant amount a rather cylindrical dis-
tribution of angular momentum is found in cases with
initial higher rotational velocity. Such behavior is con-
sistent with the development of Ekman layers [32]. For
the highest NS spin considered here (aNS = 0.7), at
late times an evacuated “funnel” region results. This
behavior is expected as such a region lacks the angular
momentum support to resist prompt accretion, and is
thus consumed more rapidly than the lower latitude
regions.
Here we restricted to a hydrodynamical treatment
of the NS, and ignored the effect of viscosity, mag-
netic fields, etc. The main justification for this is
the very short timescales in between when the BH
becomes large enough to have a significant effect on
the NS as a whole, and when the NS is completely
gone. As shown here, even for EOSs with high sound
speeds that give lower accretion rates, once the BH
has consumed 1% of the NS’s mass, it only takes mil-
liseconds for it to consume the rest. The effects of
sheer viscosity and magnetic braking have been stud-
ied in scenarios related to ours [18] in the context of
a potential BH in the sun, and adapted for the NS
case in Refs. [3, 11]. Sheer viscosity is deduced to
affect the angular rotation while MBH . 10−3 M,
with magnetic braking becoming the relevant effect
afterwards. These works conclude that the viscosity
and magnetic braking ensure that rotation does not
halt the infall of matter into the BH, and both Bondi
accretion and uniform rotation are preserved through
8essentially the full lifetime of the consumption process.
Notice Newtonian estimates miss, in particular, drag-
ging by the BH’s rotation and the accretion process
itself. Furthermore, during the rapid evolution ensu-
ing after the BH mass satisfies MBH & 10−2 M, the
Alfve´n timescale τB ' (1012 G/B) s becomes too long
for magnetic braking to operate efficiently2. Our hy-
drodynamical calculations, which begin when the BH
mass is already a hundredth of the NS mass with uni-
form rotation for the NS, are thus a realistic represen-
tation of the state the preceding dynamics—beginning
with a BH seed with mass . 10−8M—should give
rise to.
We carried out a thorough study of different initial
values for the BH mass and spin (see Appendix A),
which we find all give similar results. Moreover, we
argue that our results should extrapolate to smaller
BH masses (at least until other processes which we
neglect here, e.g. magnetic breaking or viscosity, be-
come important) based on the simple power law scal-
ing relationships we observe for the rates of accretion
of mass and angular momentum with the BH mass
(approximately M˙0 ∝ M2BH and J˙ ∝ M3BH), which
we find hold until the very final stages of the NS im-
plosion, and which give nearly constant dimensionless
BH spin.
Our results put a damper on the “quiet kilonovae”
scenario for observing NS implosions—i.e. a kilono-
vae that is not accompanied by the significant GW
signal of a BH-NS or NS-NS merger—as well as for
placing bounds on their rates through the abundance
of r-process material. However, several observational
possibilities still remain. We predict that this mecha-
nism should produce a population of BHs whose mass
and angular momentum distribution should tightly
match that of the NSs which gave rise to them. If
these BHs were to subsequently merge with a com-
pact object companion, as discussed in the introduc-
tion, their BH nature could in principle be deduced
from the GW signal and/or electromagnetic counter-
part (or lack thereof). In principle, the GW signal
from the NS implosion itself would encode the mass
and spin of the newly formed BH, and could be ob-
served with current detectors within our own galaxy or
nearby. Future GW detectors, especially those target-
ing the kilohertz frequency band [33], could improve
this.
As also discussed, a magnetized NS will have to shed
its magnetosphere upon conversion to a BH, which
2Radiation effects, e.g., from neutrino emission, would operate
on far longer timescales and can be safely ignored.
will lead to an electromagnetic outburst on millisec-
ond timescales, though with unknown frequency. An
interesting avenue for future work would be to include
magnetic fields in a study similar to this one, in order
to track the possible enhancement due to the differen-
tial rotation of the NS, and better model the release of
the electromagnetic energy as the BH grows large. En-
ergetically, such events are plausible sources for FRBs,
and even short gamma-ray bursts, which would be un-
accompanied by a kilonova. New observatories like
CHIME [34], HIRAX [35], SKA [36], FAST [37], and
others are rapidly increasing the number of observed
FRBs, and providing crucial clues to their source(s).
Upcoming radio surveys will also take a more accurate
census of the pulsar population in the galactic core,
which will place bounds on, or provide evidence for,
the scenario studied here. Likewise, gamma ray detec-
tors like Fermi, VERITAS, MAGIC, and HAWC [38–
41] could potentially help identify these events.
Finally, we mention that it is intriguing that these
systems probe higher densities than even massive NSs,
about an order of magnitude above nuclear density.
Though it is unclear whether there will be any special
observational signature (e.g., through neutrino seis-
mology), since the material is in the process of falling
into the BH, the behavior of matter at these densities
is highly unknown, and may not be otherwise probed.
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Appendix A: Details of initial conditions
In this section, we give details on the initial data we
use to describe a rotating NS with an interior BH. We
construct solutions to the Einstein constraint equa-
tions by solving the conformal thin-sandwich equa-
tions as described in Ref. [20]. We choose the free
data for these solutions by combining a uniformly ro-
9tating NS solution with mass MNS and dimensionless
spin aNS, obtained using the RNS code [19], with a ro-
tating BH solution with mass MBH and dimensionless
spin aBH, in Kerr-Schild coordinates, as we describe
below.
We begin with a NS solution in spherical-polar type
coordinates with the radial coordinate R chosen such
that 2piR sin θ is the proper circumference of any point
rotated around the axis of symmetry. We choose a
radius Rm where we match on to the BH solution,
and rescale the time coordinate of the NS solution
by a constant factor so that is agrees with the value
for the lapse for a Boyer-Lindquist BH on the equa-
tor at Rm. Then we apply the coordinate trans-
formation that goes from Boyer-Lindquist to Carte-
sian Kerr-Schild coordinates for a BH with parameters
MBH and aBH to the NS solution to obtain the met-
ric gNSab . We combine this metric with the BH metric
in Kerr-Schild coordinates using a transition function:
gab = f(R)g
NS
ab + [1− f(R)] gBHab (since in the absence
of spherical symmetry, the two solutions will not agree
at R = Rm) with f(R) = T ((R−Rm + δR)/(2δR))
and where
T (x) =

0 if x < 0
x3(6x2 − 15x+ 10) if 0 ≤ x ≤ 1
1 if x > 1
(A1)
smoothly interpolates between zero and unity. Fi-
nally, we rescale the time coordinate of the com-
bined solution by an overall factor so that the lapse
goes to unity at spatial infinity. From this solution
we calculate the free data metric functions. We use
Rm ≈ 40MBH and δR = 0.1Rm.
Similarly for the matter, we combine the density
and velocity profile of the rotating NS solution with a
quasi-equilibrium test fluid solution on the BH back-
ground. For the latter, we assume constant hut (where
h = 1 +  + P/ρ0 is the specific enthalpy), where
the constant value comes from the NS solution at
R = Rm on the equator. We also assume the same
constant angular velocity throughout. Very near the
BH (R < 3MBH), we set the density to zero. Again,
we combine these two solutions using the same tran-
sition function, e.g. ρ0 = f(R)ρ
NS
0 + [1− f(R)] ρBH0 .
From this, we calculate the conformal energy and mo-
mentum density, which are used in solving the confor-
mal thin sandwich equations.
The corrections we find from solving the constraints
are small, e.g. the maximum difference from unity of
the conformal factor over the domain is max |Ψ−1| ∼
0.01. There is initial transient when evolving these
solutions since, for example, we do not include an in-
ward radial velocity. However, we find the solution
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FIG. 6. The mass (top) and angular momentum (bottom)
of the BH as a function of time for cases with the ENG
EOS and aNS = 0.4, but different initial masses and spins
for the BH. The curves have been aligned at the time where
MBH = 0.1MNS.
settles down to steady accretion in a few sound cross-
ing times. We verify that our initial data are good
enough, and that we start sufficiently early in the
growth of the BH, by comparing solutions with dif-
ferent initial values of MBH, ranging from 0.01 to 0.03
MNS. As shown in Fig. 6, the subsequent growth is
very similar in all cases.
Another issue is what value should be chosen for
aBH. For simplicity, we just set aBH = aNS. With this
value, aBH decreases during the BH’s initial growth,
but as evident in the bottom panel of Fig. 6, the initial
value of aBH becomes unimportant by the time the BH
doubles or triples in mass.
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FIG. 7. The convergence of the L2 norm of the gener-
alized harmonic constraint violation Ca = Ha − xa (av-
erage value in the [−15MNS, 15MNS] × [0, 15MNS] central
portion of the domain) for the case with the ENG EOS and
aNS = 0.4. The results have been scaled assuming first or-
der convergence, though at early times the convergence in
the quantity is close to second order.
Appendix B: Numerical convergence and
comparison of axisymmetry to 3D
In axisymmetry, our numerical grid spans the half-
plane (x, z) ∈ [0,∞)× (−∞,∞). For our default res-
olution we use 13 levels of 2:1 mesh refinement with
257 × 129 points on the coarsest level, and a reso-
lution of dx ≈ 3 × 10−4MNS on the finest level. The
mesh refinement levels are dynamically adjust accord-
ing to truncation error estimates in the metric func-
tions. The initial threshold is set so that the BH re-
gion is completely covered by the finest level during
the first part of the evolution, and is only dropped
after the BH doubles in size.
To establish convergence, and to estimate trunca-
tion error, we also perform simulations of the ENG
EOS, aNS = 0.4 case (with MBH = 0.01MNS and
aBH = aNS) at 1.5 and 2× the resolution. In Fig. 7 we
demonstrate the convergence of the constraints. We
show the evolution of the BH mass and spin for this
resolution study in Fig. 8. The main effect of finite
resolution is a slight overestimate of the BH accretion
rate, and an underestimate of the BH spin.
We also simulate this same case in full 3D, i.e. with-
out explicitly enforcing axisymmetry, in order to check
whether there are any non-axisymmetric instabilities.
We use resolution equivalent to the default resolu-
tion used in axisymmetry. Because of the expense
of evolving in full 3D, we begin the evolution when
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FIG. 8. Top: The mass of the BH as a function of
time for the case with the ENG EOS and aNS = 0.4 for
several different numerical resolutions. We also include
the curve from a 3D (i.e., without assuming axisymmetry)
evolution of the final ∼ ms of the collapse that uses the
axisymmetry evolution for initial data. The curves have
been aligned at the time t0.1 where MBH = 0.1MNS. The
primary effect of finite resolution is to decrease t0.1, with
the Richardson extrapolation (consistent with first order
convergence) using all three resolutions giving t0.1 ≈ 5.4
ms. Bottom: The dimensionless spin of the BH versus its
mass for the same cases.
MBH = 0.05MNS, using the axisymmetric evolution
to determine the initial conditions. As also shown in
Fig. 8, we find almost no difference in the growth of
the BH.
We also check for non-axisymmetric modes by com-
puting the azimuthal decomposition of the density:
Cm =
∫
ρ0u
t√−geimφd3x (B1)
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FIG. 9. The non-axisymmetric density modes, normal-
ized by the total initial rest mass of the star, in the 3D
simulation as a function of time. The sudden decrease at
t ≈ 1.2 ms corresponds to time when the NS is almost
completely consumed by the BH.
where g is metric determinant, as was done in
Refs. [42, 43] in order to study the one-arm mode in-
stability in hypermassive NSs. We plot Cm, for m = 1
to 4, as a function of time in Fig. 9. The largest com-
ponent is the m = 4, which is expected from the trun-
cation error associated with discretizing a sphere on
a Cartesian grid, and all the modes remain negligi-
ble throughout. There is no evidence for any growing
non-axisymmetric modes before the time that the BH
has consumed order unity of the NS’s mass.
Appendix C: Estimates
To gain insight into the accretion process and the
consequences for the dynamical behavior, it is conve-
nient to visualize the NS-BH interaction in “shellular”
terms. In particular, we further distinguish three dis-
tinct regions: (i) a BH with mass and spin parameters
MBH, and aBH; (ii) an about to be accreted thin shell
at radius Rs ≈ RBH with mass δMs and angular mo-
mentum δJs that is uniformly rotating with angular
rotational velocity Ωs; and (iii) the rest of the star,
with mass MR, and angular velocity ΩR(r). At the
onset, the angular velocity is constant and set by the
NS spin: Ωs = ΩR(r) = ΩNS.
The shell being accreted by the BH will induce a
change of mass and angular momentum. The amount
of the latter is constrained by the BH satisfying the
Kerr bound aBH ≤ 1 (we assume throughout this sec-
tion that cosmic censorship holds). Let us analyze the
change in the dimensionless BH spin due to accretion.
From the definition of aBH ≡ JBH/M2BH,
δaBH = M
−2
BH (δJBH − 2aBHMBHδMBH) . (C1)
Approximating the angular momentum of the shell us-
ing the Newtonian expression for a rotating spherical
shell δJs = (2/3)δMsR
2
BHΩs, upon accretion of the
whole shell the change in dimensionless BH spin will
be:
δaBH =
δMs
MBH
(
2
3
R2BHΩs
MBH
− 2aBH
)
. (C2)
Since RBH grows with MBH, for Ωs ∝MpBH, it is clear
that if p ≥ −1, as the BH grows its spin will remain
below the Kerr bound. With this observation, one can
derive also what is expected for δJ/(δMRBH) for the
BH. Continuing with our Newtonian approximation,
we can estimate the accretion of mass and angular
momentum as a function of polar angle of a shell of
width δR:
dδM
dθ
= R2δR2pi sin θρ , (C3)
dδJ
dθ
= (R2δR2pi sin θρ)R2 sin2 θΩs . (C4)
At constant R, these expressions imply
(dδJ/dθ)/(dδM/dθ) ∝ sin2 θ as observed in our
simulations. If at any point the angular rotation Ωs
where to approach break-up, the assumption that
the BH is accreting rigidly rotating spherical shells
should break down, and the accretion of material
near the equator would be strongly affected.
Several possible values for p in the relation Ωs ∝
MpBH are:
• p = 0: The angular velocity of the accreted ma-
terial remains constant at the initial value ΩNS
set by NS spin. After the initial transient stage,
this in not consistent with what is seen in the
simulations.
• p = −1: This would arise if the angular rota-
tion at the accretion radius obeys a Keplerian
relation ΩK =
√
MBH/R3BH, or is given by the
BH horizon rotational rate ΩH = aBH/(2RBH).
This behavior is consistent with observations in
the intermediate regime where the spin remains
nearly constant.
• p = −4/3: This would arise if every spher-
ical shell fell from an initial radius Ri ∼
[3MBH/(4piρ)]
1/3 ∝ M1/3BH (assuming constant
density) with its angular rotational velocity
12
growing like Ωs = ΩNS(Ri/RBH)
2 to maintain
constant angular momentum. As noted above,
such a power would mean that aBH would grow
towards unity when the BH was sufficiently
small. It would also mean that δJ/(δMRBH)
would decrease as the BH grows, which is not
observed in the simulations.
We are thus left with the following picture. At early
stages, the BH grows in mass and its spin parameter
either decreases or increases as dictated by Eq. (C2)
depending on its initial value. Then, an intermediate
stage takes place where the BH has roughly constant
dimensionless spin, and grows keeping δJ/(δMRBH)
roughly constant. The rest of the star increases its an-
gular rotation rate as the star is gradually consumed
by the BH. Our simulations show ΩBH decreases dur-
ing this stage as R−1BH while Ω(r = Rs) (the rotational
velocity of the star’s surface) increases. The dynamics
induce a radial dependence on Ω(r), which we fit to
an expression Ω = A+B/rn.
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